Cells containing reporters which are specifically induced via selected promoters are used in pharmaceutical drug discovery and in environmental biology. They are used in screening for novel drug candidates and in the detection of bioactive compounds in environmental samples. In this study, we generated and validated a set of five Bacillus subtilis promoters fused to the firefly luciferase reporter gene suitable for cell-based screening, enabling the as yet most-comprehensive high-throughput diagnosis of antibiotic interference in the major biosynthetic pathways of bacteria: the biosynthesis of DNA by the yorB promoter, of RNA by the yvgS promoter, of proteins by the yheI promoter, of the cell wall by the ypuA promoter, and of fatty acids by the fabHB promoter. The reporter cells mainly represent novel antibiotic biosensors compatible with high-throughput screening. We validated the strains by developing screens with a set of 14,000 pure natural products, representing a source of highly diverse chemical entities, many of them with antibiotic activity (6% with anti-Bacillus subtilis activity of <25 g/ml]). Our screening approach is exemplified by the discovery of classical and novel DNA synthesis and translation inhibitors. For instance, we show that the mechanistically underexplored antibiotic ferrimycin A1 selectively inhibits protein biosynthesis.
The differentiated regulatory response of the soil bacterium Bacillus subtilis to different types of stress has led to the choice of this bacterium as a preferred model organism for studying the mechanism of action (MOA) of antibiotics. Based on socalled reference compendia of antibiotic-triggered mRNA expression profiles, promoter regions have been identified which are selectively and strongly induced by antibiotic killing of bacteria via similar MOAs (13, 20) . Because of genetic engineering of strains which harbor such promoters fused to reporter genes, cellular biosensors are now available that can signal the presence of many different types of antibiotics. Currently, cellular biosensors based on various microbial species containing reporters which are specifically induced via selected promoters are widely used in pharmaceutical drug discovery and in environmental biology (1, 4, 12, 18, 28, 29, 33, 35) . Nevertheless, only in the case of B. subtilis have genomewide, systematic approaches for the identification of appropriate antibiotic biomarkers based on mRNA expression profiling been reported so far (11, 19) . We previously exemplified the approach with the identification and high-throughput screening application of FapR regulator-dependent promoters selectively and strongly responding to inhibitors of fatty acid biosynthesis (11) . In addition, Hutter et al. (19) reported five high-throughput screening (HTS)-compatible strains carrying promoter-reporter fusions for a limited spectrum of antibiotic mechanisms: inhibition of fatty acid biosynthesis (fabHB promoter), inhibition of the chromosomal topology-changing activities of DNA gyrase and topoisomerase IV by quinolones (promoters of dinB, yneA, and yorB), and inhibition of cell wall biosynthesis by the lipid II antagonist vancomycin (ytrA promoter). However, the previously reported B. subtilis promoterreporter fusions still lack the diagnosis of important antibiotic mechanisms addressing a broader spectrum of essential steps in DNA synthesis and replication or cell wall and protein biosyntheses. In this study, we generated and validated a set of five antibiotic biosensors enabling the as yet most-comprehensive HTS-compatible diagnosis of antibiotic interference in the five major biosynthetic pathways of bacteria: biosynthesis of DNA, RNA, proteins, cell wall, and fatty acids.
While the previously described biomarker-containing strains have been validated only on the basis of a limited number of a few tens of antibiotics, in this study we tested our cellular biosensors on a large set of diverse chemical entities in order to comprehensively estimate the profile of detectable antibiotics. We tested the strains on our unique library of approximately 14,000 pure natural products. Natural products are an unsurpassed source of evolved chemical diversity and therefore represent a rich starting point for screening programs aimed at generating pharmacologically active small molecule leads. In the past, natural products have been a very successful source of new drugs (7, 30) . Our compilation of highly diverse structures includes numerous reference antibiotics with known MOAs, as well as antibiotics which are mechanistically not characterized yet. Moreover, the library represents a source of numerous antibiotics representing novel structural entities. Here we exemplify our validation approach by reporting the screening results obtained with promoters indicative of antibiotics targeting DNA replication and protein synthesis.
MATERIALS AND METHODS
Biomarker construction and host strain generation. Standard cloning techniques were applied using Escherichia coli XL1Blue (Stratagene, La Jolla, CA). Firefly luciferase was amplified from pBestluc (Stratagene) (for primers, see Table 1 ) and cloned into the shuttle vector pHT304 (resistance markers, ampicillin in E. coli and macrolide-lincomycin-streptogramin B in B. subtilis [2] ) via PstI and HindIII. The upstream regions of the B. subtilis genes yheI, yorB, ypuA (each approximately 500 bp long), and yvgS (approximately 250 bp long) were amplified (for primers, see Table 1 ) and cloned in front of the luciferase genes using KpnI and PstI. The resulting constructs carrying the promoter-reporter fusions were transformed into B. subtilis 1S34, a nonspore-forming derivative of strain 168 (31) . Construction of the fabHB promoter-reporter construct and assay development with this promoter have been described previously (11) .
Assay development, screening, and second-line test. Four cellular biomarker induction assays (using the yheI, yorB, yvgS, and ypuA promoter-reporter fusion constructs) were developed for high-throughput screening in 384-well microtiter plates. Each biomarker-carrying B. subtilis strain was grown in LB medium (yorB, yvgS, and ypuA strains) or Belitzky minimal medium (34) (yheI strain) with 5 g/ml erythromycin to an optical density at 600 nm of 0.9 at 37°C, diluted to an optical density at 600 nm of 0.1 (yheI strain), 0.01 (yorB strain), or 0.02 (yvgS and ypuA strains), and stored overnight at 4°C. The next day, 40 l of the cell cultures were incubated at 37°C with 0.5 l of each screening compound (dissolved in dimethyl sulfoxide [DMSO] ) for 4 h (yheI strain), 3 h (yorB strain), 1.5 h (yvgS strain), or 1 h (ypuA strain), respectively. The screening compounds were tested at three different concentrations: 25.0 g/ml, 6.25 g/ml, and 1.56 g/ml. Luminescence was measured immediately after addition of 25 l 0.1 M citrate buffer (pH 5) with 2 mM luciferin using a charge-coupled-device camera-based luminescence detector ("Lumibox"; Bayer Technology Services GmbH, Leverkusen, Germany) which captures 384 images simultaneously. The signal induction was not influenced by DMSO concentrations up to 2%. Each microtiter plate contained wells as negative controls (no compound addition) and positive controls (addition of reference compounds causing maximal signal induction).
The following agents were used as reference compounds: ciprofloxacin (Bayer) (for yorB, marker for inhibition of DNA synthesis), rifampin (Sigma-Aldrich) (for yvgS; RNA synthesis), linezolid (Pfizer) (for yheI; protein biosynthesis), and vancomycin (Sigma-Aldrich) (for ypuA; cell wall biosynthesis). Additional reference compounds for test validation were the following (Table 1) : DNA ligase inhibitor compound no. 3 (6), moiramide B, moxifloxacin, polymerase IIIC inhibitor compound no. 1 (24) , and streptovaricin (Bayer); ramoplanin (Biosearch Italia, Geranzano, Italy); trovafloxacin (Pfizer); and actinomycin D, actinonin, azaserine, azithromycin, cefoxitin, cerulenin, chloramphenicol, doxycycline, erythromycin, ethidium bromide, fusidic acid, gentamicin, kanamycin, mersacidin, methicillin, monensin, nalidixic acid, netropsin, N-ethyl maleimide, nisin, novobiocin, mitomycin C, oxacillin, polymyxin B, puromycin, triclosan, trimethoprim, and tunicamycin (Sigma-Aldrich). The Bayer collection of pure natural products consisted of approximately 14,000 individual substances which were each characterized by nuclear magnetic resonance spectroscopy. The compounds were dissolved in DMSO.
In screening of the pure natural products, we set strict cutoff values for hit identification which were at least five standard deviations above the noninduced 
a ϩ/Ϫ, reporter signal induced by at least/less than 250% (yorB), 200% (yvgS and yheI), 170% (ypuA), or 200% (fabHB) in comparison to the noninduced signal.
b DNA polymerase IIIC inhibitor compound no. 1 (anilinouracil) (24) . c DNA ligase inhibitor compound no. 3 (pyridochromanone) (6) . d The macrolides also induce the yheI promoter as found in expression profiling experiments (11, 13) . The biosensor does not respond to these antibiotics due to plasmid-encoded macrolide-lincomycin-streptogramin B resistance.
e Moiramide B targets the first enzyme in fatty acid synthesis, the acetylcoenzyme A carboxylase, which is regulated differently from the other fatty acid/phospholipid biosynthesis enzymes (13 In the case of the ypuA assay, the cutoff value of 170% was only 3.5 standard deviations above the noninduced signal due to the limited induction value of 180% obtained with the reference compound vancomycin. Screening with all biosensors revealed acceptable assay quality (see Results and Discussion; see also Table 3 ). The initial hits were retested for hit confirmation. Retests were performed at additional compound concentrations (12.5 g/ml, 3.13 g/ml, and concentrations below 1.56 g/ml). Second-line MOA studies by incorporation of radiolabeled metabolic precursors were performed as described previously (14) using Staphylococcus aureus 133 (DSMZ no. 11823; DSMZ, Braunschweig, Germany).
RESULTS AND DISCUSSION
Assay development and small-scale test validation. The development of the cellular antibiotic biosensors was elaborated in three key phases. First, after selection of the appropriate candidate promoter regions represented by the upstream sequences of the genes yheI, yorB, yvgS, ypuA, and fabHB from B. subtilis, we fused each of these sequences with the firefly luciferase gene in order to generate cellular biosensors enabling diagnosis of interference with the major bacterial biosynthetic pathways. Second, we developed assays with a 384-well microtiter plate format and tested several parameters for creating optimal assay protocols for each biosensor strain (preculture handling and storage, cell inoculum, growth medium, incubation time, and solvent [DMSO] sensitivity; see Materials and Methods). Third, a panel of 39 reference antibiotics was used to confirm the MOA-specific induction of the biomarkers (Table 2). The fabHB promoter-reporter fusion was selectively induced by fatty acid biosynthesis inhibitors, a finding confirming previously reported results (11, 19) . The yvgS promoter activity was not only indicative of rifampin activity, as demonstrated previously (19) . It also responded to streptovaricin, another transcription inhibitor. This observation might indicate that yvgS promoter induction is not only rifampin specific but also indicative of agents generally interfering with transcription. The ypuA promoter-reporter fusion represented a novel biomarker which indicated a broad spectrum of cell wall biosynthesis inhibitors and cell envelope stressing agents: among others, the lipid II antagonist vancomycin, the cell membrane perturbing agent polymyxin B, and the ␤-lactams. The yorB marker has recently been described as being strongly induced by quinolones (DNA gyrase/topoisomerase IV inhibitors) (19) . We found that many more compounds induced the reporter: the DNA-alkylating agent mitomycin C, the folate biosynthesis inhibitor trimethoprim, and the recently reported novel inhibitors of the DNA polymerase IIIC (anilinouracils) (24) and the bacterial NAD ϩ -dependent DNA ligase (pyridochromanones) (6) as strong inducers (Ͼ500%). In addition, the DNA gyrase inhibitor novobiocin was detected, even though the signal was only raised to 250%. Finally, the novel yheI marker was significantly induced by the protein biosynthesis inhibitors chloramphenicol, doxycycline, fusidic acid, and linezolid (Fig. 1) .
Large-scale test validation and drug screening using a library of pure natural products. While we recently described the HTS compatibility of the fabHB promoter reporter strain (11), we aimed to deliver a highly validated proof of concept for each of the remaining assay systems. Therefore, we screened the antibiotic biomarker strains with our library of 14,000 diverse pure natural compounds. In general, our screen- a Luminescence data measured during hit confirmation at four different compound concentrations between 1.56 and 12.5 g/ml. Values represent percentages of the noninduced biomarker signal. In a case where a value is above 200% (bold numbers), the biomarker system is considered to be induced. Underlined values (below 50%) indicate antibiotic effects during cell incubation.
b Three screening hits represented tylosins, and three additional ones were viridogriseins. Due to a plasmid-encoded resistance determinant in the biosensor cell, yheI marker induction by 14-membered macrolides, such as erythromycin, by lincomycin, or by streptogramin B cannot be expected. Nevertheless, close congeners of streptomycin B do indeed induce the biomarker.
c A related compound (GE2270A) binds to EF-Tu. d Ferrimycin consists of a siderophore carrier and a probable bioactive moiety. Only limited data are available concerning its antibiotic MOA. yheI marker induction indicates that ferrimycin might indeed inhibit protein biosynthesis.
e Trinactin is known to interfere with biomembranes by acting as an ionophore. f Actinonin inhibits the peptide deformylase, an essential enzyme involved in the posttranslational processing of proteins. g Besides streptomycin, the aminoglycosides gentamicin, kanamycin, and neomycin also do not induce the yheI biomarker. Only spectinomycin, which in contrast to the other aminoglycosides does not cause misreading during translation, induces the biomarker at high concentrations (25 M) .
h Fusidic acid and siomycin A are indeed inducing agents below 1.56 g/ml. At screening concentrations above 1.56 g/ml, they already inhibit bacterial growth and repress the luciferase signal.
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on August 29, 2017 by guest http://aem.asm.org/ vancomycin, the HTS revealed acceptable statistical data (standard deviation, 17%; ZЈ coefficient, 0.5). However, we want to exemplify our validation approach in more detail here by reporting the screening results obtained with the two remaining promoters, yorB and yheI (Table 3) . First, the yorB promoter-reporter fusion, which was previously described as a marker for a limited spectrum of antibiotics (mainly quinolones [19] ), turned out to possess a largely broadened diagnostic potential, as already indicated in testing of our limited set of reference antibiotics (see above). The yorB biosensor screening revealed 12 confirmed hits (hit rate, 0.1%). Ten of them have been described as interfering with DNA replication by covalent DNA binding and strand breaking or by inhibition of gyrase and topoisomerase IV (Table 4) . Two hits were novel and are currently under further evaluation (data not shown). The yorB gene is probably part of the lexA regulon, which comprises a group of genes regulating the B. subtilis SOS response triggered by DNA damages (3, 25) . The yorB promoter-reporter fusion delivered the highest signal-tonoise ratio among promoters of the SOS regulon in B. subtilis. Since the gene yorB is part of an SP␤c2 prophage sequence, it might be strongly repressed under nonstressed conditions by a phage-specific regulator, leading to very high induction by DNA damaging events. It is consistent that quinolones lead to induction of the yorB promoter. This compound class inhibits the activity of DNA gyrase and topoisomerase IV, which includes cleavage and rejoining of both DNA strands. The ternary enzyme-DNA-quinolone complexes lead to the stopping of DNA synthesis and to rapid fragmentation of chromosomal DNA (8, 9) . Similarly, direct "attacks" on DNA by covalently binding agents which cause strand breaks are also expected to induce the SOS response genes, including yorB. We included in our set of reference compounds the anticancer drug mitomycin C, which cross-links DNA by alkylation (16) and indeed leads to strong yorB promoter induction. The natural product library screening with the yorB marker revealed mainly such types of DNA-targeting antibiotics as hits (Table 4 ). Many of them are applied in anticancer chemotherapy (e.g., bleomycin) (17) . The hit novobiocin was the exception, since this antibiotic inhibits DNA gyrase activity by blocking the ATP binding site (26) . Remarkably, no noncovalently binding agents, such as the intercalator ethidium bromide and minor-groove binder netropsin, induce the yorB promoter. Altogether, we consider the yorB marker indicative of a much broader range of DNA synthesis-blocking agents than previously reported. Further evaluation of the remaining two hits having unknown MOAs will reveal whether they might even act via mechanisms similar to FIG. 2 . Subset of known antibiotics identified in screening of 14,000 pure natural products using the yheI biomarker strain. Structurally diverse chemotypes of antibiotics reported to target the ribosomal function were identified as inducers of the yheI promoter (see Table 5 ). Some representative structures are presented. Second, the yheI promoter-reporter fusion represents a new tool for the discovery of a broad spectrum of translation inhibitors. Only limited information about the expression of yheI in B. subtilis was available previously (27) . Recent studies have revealed that transcription of yheI and its probable operon neighbor yheH is induced by SpoIIID and sigma factor E, two transcription factors involved in asymmetric division during sporulation of B. subtilis (10) . Fukushima et al. (15) reported the first data indicating that YheH/YheI might play roles in a signaling pathway during sporulation initiation. However, a concrete function has not yet been assigned to YheI and YheH. These gene products exhibit significant homologies to multidrug efflux ABC transporters or multidrug resistance proteins (see http://www.genome.jp/kegg/brite.html). The homology findings suggest that the yheIH operon might be inducible in B. subtilis by a limited spectrum of antibiotic chemotypes. Our screening of the library of pure natural products revealed that among the 26 confirmed hits (hit rate, 0.2%), a surprisingly large diversity of chemical structures induced the yheI promoter (Table 5 ; Fig. 2 ). Eighty percent (21) of the yheI marker-inducing hits were already known translation inhibitors. They mainly target the 50S ribosomal subunit and block the peptidyl transferase activity. Thus, the high selectivity of the yheI promoter induction for translation inhibitors suggests that the induction is coupled to translation arrest. This regulatory coupling needs to be further elucidated. Remarkably, protein biosynthesis inhibitors leading to mistranslated peptides (aminoglycosides, such as streptomycin, gentamicin, and kanamycin), to truncated peptides (puromycin), or to nondeformylated peptides (actinonin) did not induce the yheI marker.
Evaluating mechanistic specificity of hits: ferrimycin A1. The risk of finding nonspecifically acting antibiotics in a biosensor assay can be well assessed by our approach of screening a chemically diverse library of pure natural products including numerous reference antibiotics. For instance, among 14,000 pure natural products, only 1 compound out of 26 hits was found which induced the yheI marker, although it presumably does not kill cells via translation inhibition. This agent, which is called trinactin, is rather known to be membrane perturbing. However, we did not evaluate its role in interfering with translation. Four hit compounds have not been characterized before with respect to their MOAs. Secondary assays are ongoing to verify their translation-specific MOA (data not shown). For one of these hits, we here demonstrate that the promoter induction assay is predictive for novel translation inhibitors. We found ferrimycin A1 as a hit compound representing an antibiotic which was poorly mechanistically studied (21) (22) (23) 32) . It was speculated that it might interfere with protein biosynthesis on the basis of preliminary metabolite incorporation assays with a closely related antibiotic A 22,765 (22) . However, no clear evidence has been provided that the action of ferrimycin A1 is based on selective inhibition of protein synthesis without interfering with the other major biosynthetic pathways. Therefore, we performed metabolite incorporation studies with the precursors for DNA, RNA, protein, and cell wall biosynthesis in a key pathogen (S. aureus). Our data strongly support the idea that ferrimycin A1 is a selective protein biosynthesis inhibitor (Fig. 3) . Ferrimycin A1 consists of a siderophore moiety responsible for transporting the antibiotic into the cell and a second putatively bioactive component (5) . The compound probably needs to be cleaved within the cell, like albomycin, before the second component might indeed inhibit translation. The antibiotic biosensor screening approach is well suited for finding antibiotic compounds which predominantly act via single cellular processes. Nevertheless, side activities of the identified compounds within the bacterial cell might not be excluded. In addition, detection of multiprocess inhibitory agents might be hampered, since the cellular stress response might be modified in a way not leading to significant induction of the applied promoter-reporter fusions. However, by allowing researchers to identify key cellular processes affected by otherwise-uncharacterized compounds, the reporter strains could be very valuable in enabling researchers to rationally formulate multihurdle natural products or antibiotic combinations against which resistance may be less likely to be developed.
Conclusion.
In this study, we demonstrated that our B. subtilis reporter strains with an optimized set of promoters, showing MOA-specific transcriptional activation patterns, represent an efficient way towards a highly comprehensive high-throughput diagnosis of bioactive compounds interfering with the five major biosynthetic pathways in bacteria. Such assays combine the advantages of the traditional whole-cell screening approaches and the directed, rational strategies of target-based assays. As shown by the yorB and yheI marker screening results, such assay systems delivered reasonable hit rates of 0.1 to 0.2%, whereas 6% of the tested compounds exhibit anti-B. subtilis activity (Յ25 g/ml). Due to the limited concentration window in which compounds might be detected as inducing agents, we run our screens at different compound concentrations (between 1.56 and 25 g/ml). Nevertheless, some compounds, such as fusidic acid and siomycin A in the case of the yheI biosensor assay, could not be detected due to their very strong antibacterial activities (below 1.56 g/ml; Table 5 ).
Our large-scale validation approach, screening a compound library of 14,000 pure natural products, allows comprehensive estimation of the MOA specificities and the HTS compatibilities of our biosensors. This study demonstrates the importance of testing a large diversity of chemical structures for obtaining a representative chemical profile of the cellular biosensor responses. Screening of our pure natural product collection enabled us to predict the MOA of mechanistically underexplored antibiotics, such as ferrimycin A1, and to identify antibacterials which might represent promising lead candidates in antibiotic drug discovery. Moreover, the biosensors might be especially suitable for detecting the MOA of a broad spectrum of antibiotics in environmental samples with high sensitivity.
